INTRODUCTION
The interest in chiral systems is tremendous because of their potential applications in a wide range of domains such as biochemistry, 1 catalysis, 2 pharmacology, 3 and nanotechnology 4, 5 or in the development of new photonic materials. 6, 7 The two enantiomers of a chiral molecule have many identical properties, but they also differ crucially in some aspects. For instance, the enantiomers interact differently with linearly and circularly polarized light, and they may absorb or emit photons preferentially with one sense of circular polarization. These are manifestations of the natural optical activity, i.e. the chiroptical properties exhibited by chiral compounds. The enantiomers of a chiral molecule also interact differently with other chiral molecules and environments. The latter aspect is extremely important for drug design. For example, one enantiomer may exhibit the desired therapeutic behavior, while the other one may be inactive or even toxic. 8, 9 Therefore, it is important to have access to methods that are able to provide reliable structural information and to characterize the absolute configuration of enantiomers. Here, chiroptical spectroscopic methods are the prime tools. 10−13 For instance, the circular dichroism (CD) and circularly polarized luminescence (CPL) of electronic transitions can be used to obtain stereochemical information. CD is the difference in absorption between left-and right-circularly polarized light. CPL is the analog of CD in emission. Therefore, CD spectroscopy is well suited to provide structural information on the stereochemistry of the ground state, whereas CPL is better suited for the characterization of the excited states.
CD and CPL properties are often characterized experimentally by the dimensionless absorption and luminescence dissymmetry factors g abs and g lum , respectively, which are defined as follows: 
Here, ϵ L and ϵ R are the molar absorption coefficients for left-and right-circularly polarized light, respectively, and I L and I R are the corresponding luminescence intensities. From these definitions, it follows that the dissymmetry factors are within the range +2 and −2, with the limits corresponding to an absolute preference of one circular polarization over the other. Typically, however, the CD and CPL of a transition is only a small fraction of the total absorption and emission intensity, respectively. Accordingly, solutions of organic molecules usually exhibit |g| values on the order of 10 . 14, 15 Values of 1 order of magnitude larger are typical for transition metal complexes. 16−21 The largest dissymmetry factors, within the range 0.1−1, have been observed for transitions within the 4f manifold of lanthanide (Ln) complexes. 22−27 Due to the weak crystal-field (CF), these transitions are nearly electric-dipole (ED) forbidden but comparatively strongly magnetic-dipole (MD) allowed, reinforcing the magnitude of the g values. For instance, a g lum value of +1.38 was reported for the 7 4 . 28, 29 It corresponds to the largest |g| value measured to date for noninteracting molecules. Despite the widespread experimental use of these chiroptical spectroscopic techniques, the assignment and the interpretation of CD and CPL spectra in terms of individual transitions is rarely easy. Moreover, the magnitude and the sign of the g values can be sensitive to the presence of a solvent and to conformational changes. Theoretical support is therefore highly needed in order to ascertain the mechanisms responsible for the optical activity of the studied systems.
From an ab initio point of view, the calculation of the chiroptical parameters g abs and g lum requires the determination of the electronic spectrum and the ED and MD transition moments in the ground and excited state geometries, respectively. Kohn− Sham time-dependent density functional theory (TDDFT, usually with hybrid functionals), coupled-cluster theory (CC) with singles and doubles (CCSD), and other coupled-cluster variants have so far been the methods of choice for this type of calculations. 30−35 These methods have been thoroughly tested over the last two decades on a large set of organic compounds and on the spin-allowed transitions of some transition metal complexes. For instance, the experimental CD and CPL spectra of d-camphorquinone and (S,S)-trans-β-hydrindanone were nicely reproduced when using TDDFT calculations with inclusion of vibronic effects. 36 In both cases, the chiroptical properties arise from transitions between the n and π* orbitals of the carbonyl groups. Subsequently, Pecul and Ruud 37 applied TDDFT to a set of bicyclic ketones 38 and showed that the differences in sign and magnitude between g abs and g lum are essentially related to the structural differences between the ground and excited states. Based on a similar set of compounds, it was shown that equation-of-motion CCSD (EOM-CCSD) and TDDFT with the CAM-B3LYP functional provided similar accuracy for g abs and g lum , 39 while the popular B3LYP functional led to incorrect results in some of the emission properties.
There is also a substantial body of research on the calculation of spin-allowed electronic CD spectra of transition metal complexes, where TDDFT remains the main computational tool. See, e.g., refs 33, 40, and 41 for reviews and refs 19 and 42− 50 for selected original studies. CPL calculations for transition metal complexes are scarce in comparison. A first attempt was made in 2008 by Coughlin et al. 21 with the use of TDDFT in combination with an approximate formulation of g lum , in order to determine the chiroptical properties associated with the S 0 ← T 1 emission in a series of iridium(III) complexes. Another attempt was made in 2013 with the use of multireference perturbative methods (CASSCF and CASPT2) on a cycloplatinated- [6] helicene compound. 19 Despite the ability of lanthanide complexes to exhibit the largest dissymmetry factors, no ab initio calculations of CD or CPL properties have been performed yet. Theoretical work on lanthanide complexes has so far relied on CF models 51, 52 in combination with the semiempirical JuddOfelt theory. 53, 54 Recently, such CF based models were used to simulate the CD spectrum 55 and the Raman optical activity 56 of Ln-based compounds. TDDFT has been also used to calculate the CD spectrum of some Eu(III) and Yb(III) complexes, 57−59 but these studies focused on the UV−vis part of the energy spectrum which corresponds mostly to intraligand transitions.
The lack of ab initio data for the optical activity of metalcentered transitions arises from the added difficulty to take into account the effects from the spin−orbit coupling (SOC). For spin-forbidden transitions, the SOC is essential in bringing about the intensities, and for lanthanides, the SOC in the 4f and 5d shells is sufficiently strong to alter the character of the transitions qualitatively. Additionally, transition metal complexes with high symmetry, as well as most lanthanide complexes, afford degenerate electronic states that pose significant challenges for the aforementioned single-reference based methods that are mainly used for theoretical chiroptical studies. For instance, it is well-known that the partially filled 4f shells in the Ln(III) complexes lead to large static and dynamic electronic correlation effects that only multiconfigurational approaches can tackle. 60 As an alternative to TDDFT and CC methods, we decided to perform CD and CPL calculations within the complete and restricted active space (CAS/RAS) 61 self-consistent field (SCF) multireference wave function framework, with SOC treated via state interaction (RASSI). 62 In order to demonstrate that the approach is able to treat closed-shell organic molecules, transition metal complexes, and open-shell Ln-based systems with comparable accuracy, we performed calculations for representatives from each group, namely, four bicyclic ketones, the cobalt(III) complex Λ-[Co(en) 3 ] 3+ (en = ethylenediamine), and the Eu(III) compound, Λ-[Eu(DPA) 3 ] 3− (DPA = (2,6)-pyridinedicarboxylate).
THEORETICAL AND COMPUTATIONAL DETAILS
2.1. Kohn−Sham Density Functional Theory Calculations. The Gaussian 09 63 software package was used to perform structural optimizations of the investigated complexes. The ground state (GS) geometries were obtained using Kohn− Sham Density Functional Theory (DFT), whereas the structures of the corresponding excited states (ES) were optimized using the time-dependent DFT (TDDFT) response calculations. The GEDIIS/GDIIS algorithms were used for the geometry optimizations. 64 The optimizations of the organic ketones employed either the Becke three-parameters exchange function in combination with the Lee−Yang−Parr correlation functional (B3LYP 65, 66 ) with 20% of exact exchange or its Coulomb-attenuated version CAM-B3LYP. 67 The basis set used for these optimizations was the correlation consistent basis set developed by Dunning and corresponded to a double-ζ contraction for the valence shell plus a polarization and diffuse functions (Aug-cc-pVDZ 68 ). Starting from the X-ray diffraction structure, 69 the GS structure of the cobalt(III) tris-ethylenediamine complex Λ-[Co(en) 3 ] 3+ was obtained from a DFT optimization using the B3LYP functional in combination with a triple-ζ plus polarization (TZVP) basis set from the Ahlrichs group. 70 In keeping with prior TDDFT studies of this complex 42,43,45 the (lel) 3 conformer of the complex was used for all calculations. In the case of the [Eu(DPA) 3 ] 3− complex, the B3LYP functional was used for the optimization of the GS. In these calculations, a 28-electron quasi-relativistic effective core potential (ECP) 71 along with a matching ECP28MWB-SEG valence basis set 72 was used to replace the Eu core and mimic relativistic valence-shell effects. For the ligand atoms, the double-ζ basis sets with a polarization and diffuse functions from Dunning and Hay 73 were used. The CD and CPL dissymmetry factors were determined using TDDFT with the Amsterdam Density Functional software package (ADF2017). 74−76 In these calculations, the influence of the functional was investigated by comparing the PBE increasing interelectronic distance). The basis set corresponded to the quadruple-ζ STO all-electron basis sets with four sets of polarization functions for all atoms (QZ4P). 81 The rotatory strengths as well as the ED moments were obtained within the Excitations module implemented in ADF. 82, 83 In the case of the organic compounds we used the nonrelativistic TDDFT module, 84 while for the cobalt complex we included scalar relativistic effects via the Zeroth-Order Relativistic Approximation (ZORA). 85, 86 Solvent effects were taken into account by using the Conductor-Like Screening Model (COSMO) with the dielectric constant of 78.4 to model water. 87 The rotatory strengths were calculated using the dipole-length representation, which is known to be origin dependent. 88 In order to evaluate the impact of the origin dependence with the chosen basis sets on the results, additional rotatory strength calculations were performed using the dipole-velocity representation. 89 The comparison between the two formalisms (see Tables S2 and  S3 of the SI) revealed very similar results between the two approaches, with calculated dissymmetry factors that only differ to the fourth digit in the case of the ketones. Therefore, only the results obtained with the dipole-length representation are provided in the article. The nature of the transitions involved in the CD and CPL spectra was analyzed with the help of the Natural Transition Orbitals (NTOs). 90 The NTOs were then visualized with the graphical user interface of ADF.
2.2. Wave Function Calculations. The multiconfigurational and multireference calculations were carried out with the Molcas 8.0 software package. 91 The calculations without spin− orbit coupling (denoted SR for "scalar relativistic" in the following) employed the second-order Douglas-Kroll-Hess scalar relativistic Hamiltonian, 92−95 in combination with the all-electron atomic natural orbital relativistically contracted (ANO-RCC) basis set from the Molcas library. 96−98 The basis sets were contracted to the triple-ζ plus polarization (TZP) quality (Eu = 25s22p15d11f4g2h/8s7p4d3f2g1h; Co = 21s-15p10d6f4g2h/6s5p3d2f1g; C, N, O, = 14s9p5d3f2g/4s3p2d1f; H = 8s4p3d1f/2s1p). State-averaged calculations were performed either with the complete active space self-consistent field (CASSCF) approach or with the restricted active space selfconsistent field (RASSCF) variant. 61 Dynamic correlation effects were treated using the complete active space perturbation theory at the second order (CASPT2). 99 Solvent effects were included via the Conductor Polarizable Continuum Model (C-PCM) as implemented in Molcas with the dielectric constant of water. 100, 101 The SOC was then introduced by a state interaction within the basis of calculated spin−orbit free states using the restricted active space state interaction (RASSI) approach. 62 A local modification of the Molcas code was used to gain access to the different transition moments calculated after treatment of the SOC interaction. 102 The nature of the active spaces was confirmed by the visualization of the SR natural orbitals (NOs), using the graphical user interface of the ADF suite.
For the organic set of bicyclic ketones investigated here, the choice of the active space (AS) was based on the NTO analysis performed at the TDDFT level on the same molecules. Depending on the nature of the ketones investigated, two different AS were used, namely CAS(2,2) and CAS (4, 3) . The CAS(2,2) corresponds to two electrons in the oxygen lone pair (n) and the CO π* orbital, whereas the CAS(4,3) corresponds to the CAS(2,2) space augmented by the doubly occupied π orbital centered on the carbon double bond. The calculations employed the state-averaged formalism at the SR level by taking into account the three lowest singlet spin states in energy. For the CASPT2 calculations, an imaginary shift of 0.5 au in combination with the standard IPEA shift value of 0.25 au was used in order to avoid the presence of intruder states in the wave function. For the PT2-SO calculations, both the wave functions and the energies from the SR CASPT2 calculations were employed.
For the Λ-[Co(en) 3 ] 3+ complex, the state-average calculations were performed by taking into account 7 singlet, 6 triplet, and 5 quintet spin states. The AS used for the CASSCF and CASPT2 calculations corresponded to a CAS (10, 12) . It contains the five 3d orbitals of the Co(III) center, plus the five pseudo-4d orbitals in order to take into account the double shell effect. 103 Additionally, two doubly occupied ligand-based orbitals that can form covalent σ-bonds with the 3d orbitals of formally e g symmetry in the O h parent symmetry were added in the AS. The actual symmetry of the complex is D 3 , but it is often more convenient to refer to the parent symmetry instead. 41 Additional ligand based orbitals were also included in the AS via RASCI calculations (i.e., RAS without orbital optimizations) on top of the CASSCF calculations by allowing single and double excitations from an additional RAS1 space into the principal RAS2 space. This RAS1 space was formed by the m highestenergy doubly occupied ligand-based orbitals, and the resulting AS are labeled as follows: RAS[n,2,0,m,12,0]CI, with n corresponding to the number of active electrons and equal to 10+m × 2. The dynamic correlation effects were treated at the CASPT2 and RASPT2 level with an imaginary shift of 0.5 au in combination with a modified IPEA shift of 0.5. The use of a larger value for the IPEA shift was found more appropriate to describe the relative energies of the different SR spin states in the case of transition metal complexes. 104, 105 For the PT2-SO calculations, the energies from the SR CASPT2 calculations and the wave functions from the corresponding CASSCF/RASSCF calculations were employed in order to avoid symmetry breaking.
In the case of the Λ-[Eu(DPA) 3 ] 3− complex, several AS were investigated. First, a CAS(6,7) was used with the 6 electrons of the Eu(III) ion spanning the seven 4f orbitals. Here, the stateaverage was performed on 7 septet, 5 quintet, and 3 triplet spin states. The influence of the 5d orbitals was investigated with a combination of RASSCF and RASCI calculations. A RAS-[6,0,1,0,7,5]SCF calculation, including 112 septet spin states, was performed on top of the CAS(6,7)SCF wave function to optimize the 5d orbitals. This RASSCF calculation was allowed to create one particle in the RAS3 space containing the five 5d orbitals of the Eu(III) ion. From these optimized orbitals, RAS[6,0,1,0,7,5]CI calculations were then performed for the 7 septet, 5 quintet, and 3 triplet spin states. Using a similar strategy, we also investigated the influence of the π−π* ligandcentered excitations. On top of the CAS(6,7) wave function, a RAS[12,1,1,3,7,3]SCF calculation was performed in which the RAS1 space was formed by three doubly occupied π-type orbitals centered on the ligands, and the RAS3 space was formed with the corresponding three empty π* orbitals. From these optimized orbitals, RAS [12, 1, 1, 3, 7, 3] CI calculations were then performed for 7 septet, 5 quintet, and 3 triplet spin states. For the PT2-SO calculations, the energies from the SR CASPT2 calculations and the wave functions from the corresponding CASSCF/RASSCF calculations were employed in order to avoid symmetry breaking.
2.3. CD and CPL Theory. The theory behind first-principles calculations of CD and CPL has been already extensively discussed, 30−33 and therefore, only a few key points are discussed here. The probability of absorbing (or emitting) a photon with left vs right circular polarization in a transition from an initial state i to a final state f is proportional to the rotatory strength R if . In the case of an isotropic sample, R if corresponds to the imaginary part of the scalar product between the ED transition moments μ if and the MD transition moments m fi and is expressed in the length-dipole representation as follows:
Here, the summations are over the Cartesian directions n, g e ≃ 2 is the free electron g-factor, and L n and S n components are the one-electron operators for the orbital and spin angular momentum, respectively. The spin contribution in eq 2 is zero if the states are spin-eigenfunctions. When the SOC becomes non-negligible, the different states can no longer be described by pure spin-eigenfunctions, and therefore, the transition matrix elements of the spin angular momentum operator may become non-null. With SOC, the orbital angular momentum component in the magnetic transition dipole also generates intensity for a transition that is formally spin forbidden. The use of the dipolelength representation in eq 2 leads to origin-dependent results. However, our own test calculations (vide supra), as well as other works (e.g., recently in refs 106 and 107 in the context of X-ray absorption spectroscopy), have shown that the origin dependence is not pronounced with the use of a good quality basis set and the centering of mass or centering of nuclear charge coordinates. For the metal-centered transitions in a metal complex, placing the (gauge) origin at the metal center is a straightforward choice. Additionally, we verified that a small displacement of the gauge origin does not drastically modify the results (see Table S8 ). The electric-and magnetic-transition dipole moments (TDMs) were obtained in atomic units and then converted to cgs units using a conversion factor α = 471. . If the calculations of the TDMs are performed in the GS geometry, one obtains the CD of the absorption, whereas evaluation of the TDMs using the ES structures gives the CPL. It is worth reiterating that eq 2 assumes no contributions from the coupling between the ED and the electric quadrupole (EQ) because the orientational average of this contribution vanishes. Such an assumption is valid for an isotropic sample such as in solution but does not hold in the case of a crystal. From there, the dissymmetry factor g if for an isotropic sample is given by
Here, D if is a generalized "dipole" strength and corresponds to the sum of the squared values of the
, and EQ (|Q if | 2 ) transition moments as defined in ref 109 . The reader is reminded that the magnitude of the MD and EQ moments are often found few order of magnitude smaller than the ED moment in organic compounds. Therefore, eq 3 is often seen in the literature with only the ED contribution in the denominator.
Using expressions from refs 36 and 110, the absolute emission (I) and CPL (ΔI) intensities are given by 
where ℏ is the reduced Planck's constant, c is the speed of light, and E if is the energy of the given transition expressed in cgs units.
In that case, the emission and CPL intensities are expressed in energy unit per time unit per molecule. Experimentally, it is difficult to know how many molecules emit. Therefore, the calculated emission and CPL intensities were normalized to arbitrary relative units after Gaussian-broadening with a σ of 0.02 eV (ca. 160 cm −1 ) in order to produce spectra for the [Eu(DPA) 3 ] 3− complex. The calculated CD data for these systems are given in Table 1 and are compared to the available experimental values and previous theoretical data. Overall, the rotatory strengths (R) and the ED moments obtained at the CAS level were found in reasonable agreement with the data obtained using other methods. The CAS calculations were able to reproduce the sign and the correct order of magnitude of the chiroptical properties. The largest discrepancies between the different methods are observed in the case of Mol-1, where the g abs calculated at the CASSCF and CASPT2 levels are 2 to 3 times larger than those obtained at the TDDFT level (Table 1 ). Such differences can be explained by the degree of delocalization present in the transition orbitals. 111 Indeed, the CAS calculations tend to produce too localized n and π*orbitals (see Figure S2) , which leads to a decrease of the ED moment and, hence, an overestimation of g abs . By comparison, the occupied NTOs from TDDFT calculations are less localized on the carbonyl bond, but the degree of delocalization error strongly depends on the amount of exact exchange (Table S1 ) and more generally on the functional used (Tables 1 and S2 ).
The amount of delocalization was also found crucial to properly reproduce the dissymmetry factors in Mol-2, Mol-3, and Mol-4. As previously noted successively by Autschbach and by Caricato with calculations of the optical activity in Mol-2, 33, 115, 116 the magnitude of the CD parameters is strongly connected to the partial charge transfer that occurs in the GS between the carbonyl group and the (CC) bond and vice versa. This charge transfer is characterized by the NTO analyses which revealed that the transitions corresponded to an admixture of n → π* and π(CC) → π* excitations (Table S6) . The π(CC) → π* contribution is also visible in Figure 2 and in Figures S3−S5 , where both the occupied and vacant NTOs exhibit lobes on the (CC) bond. Note that using the same isosurface value, the carbonyl transition of Mol-1 appeared perfectly localized. In agreement with Pecul et al., 37 the dissymmetry factors obtained with the B3LYP functional were found closer to experiment than those obtained with CAM-B3LYP. This agreement is, however, due to an overestimation of the ED moments with the former functional because of a too weak delocalization. The CAS g abs were found lying in between the TDDFT results. The CAS ED moments were found in better agreement with the experimental values than the TDDFT ones. This is particularly true when using the PT2 corrected wavefunctions and energies, which increase the π(CC) character of the wave function. If the transition is mainly of n → π* character (≈85%) at the TDDFT level, the π(CC) → π* character increases up to ca. 40% for the CASPT2 results. On the other hand, larger transition MD moments are calculated at the CAS level than at the DFT level, counterbalancing the reduction of the calculated ED moments. 3.1.2. Circularly Polarized Luminescence of Bicyclic Ketones. The calculated CPL dissymmetry factors of the four ketones are given in Table 2 . A relatively good agreement was obtained between the different levels of theory and with the experimental value in the case of Mol-1. A g lum of 47 × 10 −3 was calculated when using the CAM-B3LYP functional, while CCSD calculations gave a calculated dissymmetry factor of 35 × 10
cgs. 39 The difference between the two approaches results principally from an increase of the calculated ED moment at the Additional data with other functionals and using the dipole-velocity representation for the calculation of R are available in the Supporting Information.
b Present calculations where no reference is given. 
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Article CCSD level. In comparison, the CAS calculations gave the largest ED moment for this transition, leading to a theoretical g lum of 29 × 10 −3 in perfect agreement with the experiment. More interestingly, the CAS calculations were also able to reproduce the large decrease in magnitude between the CD and CPL dissymmetry factors. This behavior is explained principally by the large increase in magnitude of the ED moments associated with the n ← π* transitions. In the ES the CO bond is lengthened due to the population of an antibonding π* orbital, and the carbonyl group loses its planar configuration in favor of a pyramidal one. This lowering of symmetry in the ES led to a stronger localization of the electron density on the carbonyl bond, reinforcing the ED TDMs.
A fairly good agreement was found between the different calculated g lum of Mol-2 and the experimental value. The Kohn− Sham results slightly overestimated the experimental value of 29 × 10 −3 with calculated g lum of 32 and 40 × 10 −3 using the B3LYP and CAM-B3LYP functionals, respectively. On the other hand, the CAS calculations slightly underestimated the experimental dissymmetry factor with calculated values of 16 and 22 × 10 −3 at the CASSCF and CASPT2 levels, respectively. Interestingly, CCSD produced a g lum of similar magnitude 39 but with calculated R and ED moment much smaller than those obtained with the TDDFT or CAS calculations. Similarly to Mol-1, the dissymmetry factor of Mol-2 decreased when going from absorption to emission. In that case, the reduction was less pronounced in magnitude and followed the reduction of R. The magnitude of R depends on the angle formed by the ED and MD moments, 117 which is related to the dihedral angle formed by the CO and CC bonds. The rotatory strength is maximized when the two groups are coplanar, whereas R becomes null when they are out-of-plane. In Mol-2, the dihedral angle between the two fragments decreases from 142 to 120
• when going from the GS to the ES. This decrease of coplanarity goes along with a decrease of charge transfer in the ES. Indeed, the π(CC) → 
Article π* character decreases from 40 to 28% when going from the GS to the ES at the CASPT2 level.
Previous TDDFT and CCSD calculations performed on Mol-3 and Mol-4 have shown that for these two compounds the potential energy surface of the ES has two minima that exhibit very different chiroptical properties. 39, 37 These two minima are labeled ES1 and ES2 in the following discussion and correspond respectively to structures in which the carbonyl bond has bent away and toward the CC bond upon the n → π* excitation (see Figures S4 and S5) . In Mol-3, ES1 exhibits a relatively large and positive calculated g lum , whereas the dissymmetry factor associated with ES2 is small and negative. The best agreement with the experimental value was obtained at the CCSD level with a calculated g lum of 28 × 10 −3 with the ES1 structure. 39 On the other hand, the TDDFT method gave much larger values with g lum = 46 and 61 × 10 −3 when using the CAM-B3LYP and B3LYP functionals, respectively. The CAS calculations were found lying in between these two methods with calculated dissymmetry factors of 37 and 35 × 10 −3 at the CASSCF and CASPT2 levels, respectively. In Mol-4, ES1 exhibits a sizable negative dissymmetry factor that ranges from −13 to −46 × 10 −3 when going from CASSCF to B3LYP results, respectively, strongly overestimating the experimental value. Despite much larger vertical transition energies, the calculated g lum associated with the ES2 structure was found closer to the experiment with g lum = 2 and 1 × 10 −3 at the CASSCF and CASPT2 levels, respectively. As explained originally by Pecul et al., 37 the CPL properties in Mol-3 and Mol-4 are related to the excited state ordering, and for this purpose, the adiabatic transition energies must be taken into account. The ES1 structure is favored with the B3LYP functional for both Mol-3 and Mol-4 (see Table S5 ); however, the ES2 structure in Mol-4 becomes almost isoenergetic to ES1 using the CAM-B3LYP functional and, hence, increasing the population of the ES2 structure. It is worth mentioning that previous adiabatic CAM-B3LYP and CC calculations have found the ES2 structure more stable than ES1. 3+ has been extensively studied both experimentally and theoretically since the early work of Kobayashi and Mathieu.
118, 119 The rotatory strengths for the low-energetic part of the spectrum were characterized with measurements performed on the crystal structure at 80 K and in aqueous solution at room temperature. 16, 120 A first characteristic of the spectrum is the two CD bands around 21000 cm −1 that exhibit R with opposite sign (R ≈ ±55 × 10 −40 cgs). These bands were assigned to transitions into the excited singlet states spanning the E and A 2 irreducible representations ("irreps") of the D 3 point group. 121−124 In order to rationalize the magnitude and the sign of these R, several models based on CF or ligand-field (LF) theory were developed during the 1960s and 1970s. 125−129 Despite the large amount of analysis, none of these models were able to fully reproduce the experimental data as they were designed to describe only metalcentered 3d transitions. The importance of the metal−ligand interactions on the CD spectrum was then demonstrated by using restricted Hartree−Fock theory in the early 1990s 130 and fully rationalized by the use of TDDFT calculations.
42−45,131
Another important feature in the CD spectrum is the presence of weak CD bands corresponding to formally spin-forbidden transitions into the lowest excited triplet states. 120 To the best of our knowledge, the intensities of these transitions have not been studied yet with the help of ab initio calculations, principally because of the necessity to include the SOC effects. This work represents therefore a first attempt to calculate the optical activity of these spin-forbidden 3d transitions. Figure 3 with a state energy diagram obtained from the CAS(10,12)SCF-SR/SO calculations and plots of the isosurfaces of the natural orbitals generated in this active space. At the SR level, the GS corresponds to the nondegenerate singlet 1 A 1 in the D 3 symmetry point group. This state derives from an 1 A 1g singlet in the parent O h symmetry point group and corresponds formally to a t 2g 6 e g 0 electronic configuration. As shown in Figure 3 , a covalent interaction of σ character takes place between the metal-centered orbitals spanning the e g irreps and two ligand- 
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Article centered orbitals of the same symmetry. The bonding combinations of this interaction are doubly occupied and are labeled σ, whereas the antibonding combinations (labeled σ*) are vacant and destabilized in energy. On the other hand, the 3d orbitals of formally t 2g symmetry remain nonbonding in character and are therefore doubly occupied in the GS. The first set of ESs is found around 11500 cm −1 above the GS and corresponds to the triplet states 3 3+ are given in Table 3 . Experimentally, the lowest spin-allowed transitions, measured at ca. 21000 cm cgs for the E and A 2 transitions, respectively. As shown in Tables S11 and S12, the magnitude of the calculated R is strongly functional and solvent dependent, while the energy of the transitions is always slightly overestimated. Nevertheless, our calculated values are of the same order of magnitude with those previously calculated with a similar approach.
42, 45 At the CASPT2 level, the E and A 2 bands are calculated at 19950 and 20867 cm −1 , respectively, in good agreement with the crystal structure data. However, the R values associated with these bands are relatively small with calculated R of 8.50 and −9.01 × 10 −40 cgs for E and A 2 , respectively. Such small calculated values can be explained by the too localized character of the orbitals included in the active space. Indeed, as originally described by Mason and Richardson, 123, 133 the rotatory strengths of the d-d transitions may gain in magnitude via a dynamic coupling that involves a metal−ligand polarization mechanism. Similarly, Fan and Ziegler have shown more recently that the intensity of the calculated R at the TDDFT level is related to the metal−ligand mixing in the valence orbitals. 45 To this purpose, we increased the size of our active space by including m doubly occupied orbitals that are principally localized on the diamine ligands (see Section 2 for more details). The results are presented in Table 3 for the The state labels correspond to those of the D 3 * double point group as used in Figure 3 and derives from the scalar 3 T 1g and Tables S7−S10 of the SI. It is clearly visible in Table 3 that the introduction of the ligand based orbitals in the active space leads to a large increase of the calculated R associated with the A 1 → E and A 1 → A 2 transitions, with calculated values of +28.46 and −25.13 × 10 −40 cgs. The ligand-based orbitals responsible for this increase in magnitude of R are shown in Figure S6 and correspond to σ-type bonding metal−ligand orbitals with some 4p cobalt character. The excitations from these orbitals into the valence metal-centered orbitals lead to a mixing of gerade and ungerade configurations of O h parentage in the wave function that strongly increases the magnitude of the ED transition moments and hence the rotatory strengths (see Tables S7 and S10 ).
The second set of excited singlet states is calculated around ca. 29000 cm −1 above the GS from the CASPT2 calculations. As expected from the selection rules of group theory, the A 1 → A 1 does not exhibit any optical activity as it is both formally ED and MD forbidden. On the other hand, the A 1 → E transition is permitted, and a very small and negative R is obtained at the CAS level. The increase of the active space leads again to a sizable increase in magnitude of the ED moment, and for the largest RAS space investigated here, an R of −0.08 × 10 −40 cgs is calculated. For comparison, a better agreement with the experiment is obtained at the TDDFT level for the excitation energies, while a slightly more negative R is calculated (see Tables S11 and S12). The difference of sign with the experimental data is attributed to structural changes between the fully characterized crystal structure used for the calculations and the admixture of structures present in solution. For instance, the RAS calculations performed on the optimized structure of Λ-[Co(en) 3 ] 3+ gave a small and positive R of 0.33 × 10 −40 cgs (see Table S10 ), in reasonable agreement with the 0.70 × 10 −40 cgs measured in solutions.
The calculated CD parameters for the spin-forbidden transitions are given in Table 4 and are compared to the experimental data. The magnitude of the calculated R is a direct consequence of the SOC and is proportional to the tripletsinglet energy gaps Δ 1 and Δ 2 shown in Figure 3 . In the O h symmetry point group the T 2g parentage. Introduction of ligand-to-metal excited configurations in the wave function via the RASCI calculations leads to a slight improvement in the magnitude of the calculated transition moments. This is particularly true for the excited states of 3 T 2g parentage, where a sizable increase of the ED moment is obtained at the RASCI level. Numerical agreement with the experimental data is not achieved, but the calculations reproduce the difference in magnitude of R between the two sets of transitions.
The origin of the small calculated R for these transitions is 3-fold. First, the CAS and RAS calculations overestimate the SR Δ 1 and Δ 2 energy gaps, which reduce the admixture of singlet states Table S9 ). Second, the use of the effective one-electron Atomic Mean Field Spin−Orbit (AMFI) operator for the treatment of the SOC can lead to a lost of accuracy in the calculations of the transition dipole moments for spin-forbidden transitions. For instance, the calculated ED moments and R of singlet−triplet transitions in a set of ketones were found to be almost twice as small when using the AMFI operator compared to a full two-electron spin−orbit operator. 134 Finally, it is worth mentioning that a more accurate calculation of the R should require one to take into account the influence of the vibronic and Jahn−Teller effects which in both cases, by lowering the symmetry, would bring additional intensity in the ED transition moments.
3.3. CPL Parameters of an Europium(III) Complex. The [Eu(DPA) 3 ] 3− complex represents a good model compound for the calculation of CPL parameters in Ln-based systems. Chemically, the main interest of this system resides in the fact that the DPA ligands, which generate the Λ or Δ helical arrangement, are easily substituted in order to take advantage of the antenna ef fect and, hence, tune the chiroptical properties. 135 Therefore, the [Eu(DPA) 3 ] 3− complex is often seen as the molecular backbone for the design of chiral biological sensors. 24, 136 Theoretically, the principal difficulty in the CPL calculations of Ln complexes arises in the correct estimation of the TDMs associated with the 4f transitions. It has been shown recently that the use of the CASSCF approach, with an AS containing the seven 4f orbitals, is able to recover at least some parts of the ED moments. 137, 138 To obtain qualitative agreement with the experiment, one must also take into account the different mechanisms that drive the intensity of the chiroptical activity, namely the static and dynamic coupling. 27 The former corresponds to the mixing of the 4f n electronic configurations with the excited configurations 4f
(n−1) 5d 1 in order to break the parity rule. This mechanism is strongly related to potential covalent effects between the Ln center and the coordinating ligands. On the other hand, the dynamic coupling mechanism corresponds to the coupling between the quadrupole moment of the Ln center with the induced dipole moment of the ligands generated by the oscillating light. 139 This mechanism corresponds to the mixing of the 4f n wave function with additional configurations resulting from intraligand excitations. 3− has been already extensively studied both theoretically and experimentally 56,140−143 and, therefore, is only briefly reminded. As described on the left-hand side of Figure 4 , the 4f 6 electronic configuration of the Eu(III) free ion gives rise via the Coulomb repulsion to a septet ground term 7 F that is well separated from the lowest excited term 5 D. Introduction of the SOC leads to a splitting of these terms into the Russel-Saunders levels characterized by their total angular momentum J. For the free ion, the ground level corresponds to the nondegenerate 7 F 0 , and the excited levels ordering goes with the increasing value of J. Similarly, the excited quintet term 5 D is split into five 5 D J levels with J = 0 being the lowest in energy. The trigonal CF generated by the DPA ligands then lifts the degeneracy of these levels and mixes the different M J states. In Figure 4 , the states of [Eu(DPA) 3 ] 3− are labeled using the irreps of the D 3 * symmetry double point group. The Table S13 . The dipole moments used for the emission plots take into account the ED, MD, and EQ transition moments. 3− with the different active spaces investigated are shown in Figure 5 . The corresponding spectra for the Δ enantiomer were calculated for debug reasons and are shown in Figure S8 of the SI. The reader is reminded that the emission (I) and the CPL (ΔI) intensities are proportional to the calculated TDMs and rotatory strengths, respectively, via the eqs 4 and 5 given in Section 2.3. At the CAS(6,7)PT2-SO level, only two bands are visible in the emission spectrum. The strongest band in emission is calculated around 17500 cm −1 and corresponds to the 7 F 1 ← 5 D 0 transitions. These transitions are intense due to their predominant MD character. A weaker band is calculated at ca. 14500 cm −1 and corresponds to the 7 F 4 ← 5 D 0 transitions, which contain enough ED character to be visible in the spectrum. As shown in Table S14, and corresponds to an emission into one of the E states of the 7 F 2 level. Similarly, emissions into the E and A 2 states of the 7 F 4 level generate a negative and positive signal, respectively, in the CPL spectrum. It is important to note that both the calculated dipole moments and rotatory strengths of the (Table S14 ), but the associated dissymmetry factors are excessively large. This behavior results from the definition of g in eq 3 and a division by almost zero.
Introduction of the ligand-based π and π* orbitals at the RAS [12, 2, 2, 3, 7, 3] CI/PT2 level strongly affects the shape of the calculated spectra. In the emission spectrum, an additional band appears at ca. 17100 cm −1 and corresponds to emission into the E states of the 7 F 2 level. The increase of the emission intensity is characterized in Table S14 by the large increase in magnitude of the calculated dipole moments. For instance, the calculated dipole moment of the first E ← A 1 emission increases from 18 to 317 × 10 −44 cgs when going from CAS(6,7)PT2-SO to RAS [12, 2, 2, 3, 7, 3] CI/PT2-SO, respectively. It is important to mention that this increase in magnitude results only from the ED contributions and not from the MD ones. This is in good agreement with the experimental observations and the hypersensitivity of the Table S14 ). On the other hand, the magnitude of the calculated dipole moment for the emissions into the Introduction of the ligand π orbitals in the active space does not allow the production of the correct signs of the CPL bands and has a much smaller influence on the magnitude of the calculated dipole moments. These results suggest, surprisingly, that the effects from the static coupling are more important in [Eu(DPA) 3 ] 3− than those from the dynamic coupling. However, in order to achieve quantitative numerical agreement with the experimental data, it is likely necessary to combine the two strategies and design much larger active spaces. Active spaces of the envisioned size are out of reach when using the RAS method used in this work but will likely be feasible with spin−orbit matrix product state (MPS-SO) techniques. investigated using CASSCF/PT2 and RASSCF/PT2 wave functions. The use of these multireference approaches, in combination with a treatment of the spin−orbit coupling a posteriori via the RASSI method, allowed us to characterize the chiroptical properties for both the spin-allowed and spinforbidden transitions of the systems investigated.
The study of the organic ketones has shown that the CAS approach performs in comparable agreement with TDDFT or CC. In that case, the reduction of the dissymmetry factors associated with the n ↔ π* transitions between absorption and emission was properly reproduced by our calculations and explained by the large increase in magnitude of the ED moment in emission. Second, a satisfactory agreement was obtained between the TDDFT and WFT results for the calculated rotatory strengths of the spin-allowed 3d−3d transitions in Λ-[Co(en) 3 ]
3+
. This agreement was achieved at the RAS level by including in the wave function additional configurations corresponding to excitations from the two highest occupied ligand-based orbitals into the cobalt centered 3d orbitals. This mixing of configurations led to a large increase of the calculated ED moments and, hence, of the rotatory strengths. At our best level of calculations, the calculated R were found slightly underestimating the magnitude of the experimental values characterized for the crystal structure. Using the same approach, the CD properties of the spin-forbidden transitions were also investigated. At the RAS level, the numerical agreement was not achieved, but the calculated R values were found in the right order of magnitude. The magnitude of the calculated R is strongly dependent on the SOC between the SR excited triplet and singlet spin states and the energy gap between these states.
Finally, the emission and CPL properties associated with the 4f−4f transitions in the [Eu(DPA) 3 ] 3− complex were also calculated using WFT. The magnitude of the calculated emission and CPL spectra was found to be very sensitive to the nature of the chosen active space. The introduction of the ligand based π−π* orbitals in the active space led to an expected increase of the emission intensities of the ED-allowed configurations in the wave function also led to a very large increase in magnitude of the calculated ED moments and hence of the emission intensities. Additionally, the signs and the energies of the calculated CPL bands were found in good agreement with the experimental data. These results indicate that the introduction of the 4f 5 5d 1 configurations in the wave function is necessary in order to calculate CPL spectra that qualitatively reproduce the experimental ones. However, in order to reach quantitative agreement, introduction of both the 5d and ligand π orbitals in the active space would also be necessary. For this purpose, the density matrix renormalization group-based MPS-SO approach 149, 148 is a method of choice and will be investigated in follow-up work.
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